After UV irradiation, DNA polymerases specialized in translesion DNA synthesis (TLS) aid DNA replication. However, it is unclear whether other mechanisms also facilitate the elongation of UVdamaged DNA. We wondered if Rad51 recombinase (Rad51), a factor that escorts replication forks, aids replication across UV lesions. We found that depletion of Rad51 impairs S-phase progression and increases cell death after UV irradiation. Interestingly, Rad51 and the TLS polymerase polη modulate the elongation of nascent DNA in different ways, suggesting that DNA elongation after UV irradiation does not exclusively rely on TLS events. In particular, Rad51 protects the DNA synthesized immediately before UV irradiation from degradation and avoids excessive elongation of nascent DNA after UV irradiation. In Rad51-depleted samples, the degradation of DNA was limited to the first minutes after UV irradiation and required the exonuclease activity of the double strand break repair nuclease (Mre11). The persistent dysregulation of nascent DNA elongation after Rad51 knockdown required Mre11, but not its exonuclease activity, and PrimPol, a DNA polymerase with primase activity. By showing a crucial contribution of Rad51 to the synthesis of nascent DNA, our results reveal an unanticipated complexity in the regulation of DNA elongation across UV-damaged templates.
After UV irradiation, DNA polymerases specialized in translesion DNA synthesis (TLS) aid DNA replication. However, it is unclear whether other mechanisms also facilitate the elongation of UVdamaged DNA. We wondered if Rad51 recombinase (Rad51), a factor that escorts replication forks, aids replication across UV lesions. We found that depletion of Rad51 impairs S-phase progression and increases cell death after UV irradiation. Interestingly, Rad51 and the TLS polymerase polη modulate the elongation of nascent DNA in different ways, suggesting that DNA elongation after UV irradiation does not exclusively rely on TLS events. In particular, Rad51 protects the DNA synthesized immediately before UV irradiation from degradation and avoids excessive elongation of nascent DNA after UV irradiation. In Rad51-depleted samples, the degradation of DNA was limited to the first minutes after UV irradiation and required the exonuclease activity of the double strand break repair nuclease (Mre11). The persistent dysregulation of nascent DNA elongation after Rad51 knockdown required Mre11, but not its exonuclease activity, and PrimPol, a DNA polymerase with primase activity. By showing a crucial contribution of Rad51 to the synthesis of nascent DNA, our results reveal an unanticipated complexity in the regulation of DNA elongation across UV-damaged templates.
PrimPol | polκ | polη | DNA damage tolerance | DNA replication T he DNA-binding protein Rad51 is a central component of homologous recombination repair (HRR). HRR repairs doublestrand breaks (DSBs) in an error-free way and processes one-ended DSBs to reactivate collapsed replication forks (1) . During HRR, DSBs are processed by the 3′-to-5′ exonuclease activity of the double strand break repair nuclease (Mre11) to generate protruding 3′ ssDNA at DSBs. The ssDNA is then coated with Rad51, a factor that catalyzes homology search and strand invasion. The loading and stabilization of Rad51/ssDNA complexes are supported by multiple mediators, such as the tumor suppressor BRCA2 (breast cancer 2) (1). Moreover, Rad51 promotes XPF1-and Exo1-mediated DSB formation after gemcitabine-induced irreversible ribonucleotide reductase inhibition, thus promoting cell death (2) . The signals that redirect Rad51 into a DSB formation pathway rather than DSB repair are not yet known.
The functions of Rad51 are not limited to the processing/ generation of DSBs. Over the past few years, it has become evident that Rad51 escorts ongoing replication forks regardless of the presence of DSBs (3) (4) (5) . Specifically, Rad51 protects persistently stalled replication forks from Mre11-mediated nucleolytic degradation and facilitates replication fork restart when the replication-halting agent hydroxyurea (HU) or aphidicolin (APH) is removed (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Such novel functions of Rad51 require many HRR factors, including BCRA2, FANCD2 (Fanconi Anemia Complementation group protein D2), CtIP, BRCA1, and the WRN helicase, but are independent of HRR effectors, such as Rad54 (6, 7) . Rad51-dependent fork-restart and fork-protection are distinct mechanisms, because proteins like the BLM helicase promote the former, but not the latter, process after HU treatment (6, 20) . Mre11-mediated nucleolytic degradation of nascent DNA in BCRA2-and FANCD2-depleted, HU-treated cells was suggested to take place at the unprotected ends of reversed forks, which may mimic DSBs (6) (7) (8) . Conversely, two recent reports suggest that Rad51 prevents pathological Mre11-dependent nucleolytic degradation of nonreversed stalled forks and promotes controlled DNA2-dependent exonucleolytic processing of reversed forks (15, 21) .
DSB-independent Rad51 functions were revealed by the use of agents that cause a significant degree (more than 40%) of replication fork stalling, such as HU, camptothecin (CPT), and mitomycin C (MMC) (15) . Much less is known about the participation of Rad51 in the replication across DNA lesions that do not persistently halt replication forks and only cause a moderate reduction in the replication speed (e.g., UV-induced DNA lesions) (22) . Multiple mechanisms aid DNA replication after UV irradiation. First, strongly distorting UV lesions are effectively removed by nucleotide excision repair (NER). Second, mildly distorting lesions, which are less efficiently removed by NER, can be used as replication templates in translesion DNA synthesis (TLS) events (23) . TLS avoids fork stalling by loading specialized DNA polymerases that use damaged DNA as replication templates (24) .
It is currently unclear whether non-TLS events aid DNA replication across UV-damaged DNA in mammalian systems. Importantly, Rad51 is recruited to DNA after UV irradiation (4, 21, 25) . HRR factors contribute to the repair of infrequent DSBs generated by high UV doses (80 J/m 2 ) in NER-deficient backgrounds (26) . Interestingly, however, cancer cells depleted from
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Rad51 were sensitive to much lower UV doses (1-5 J/m 2 ) (26), thus suggesting DSB-independent functions of Rad51 in the cellular response to UV light. More recently, Rad51 was shown to maintain continuous DNA replication after treatment with methyl-methane sulfonate (MMS), a DNA-damaging agent that induces bulky lesions similar to the lesions caused by UV radiation (4) . Whether Rad51 prevents nucleolytic degradation of nascent DNA in response to UV irradiation has not yet been explored. Remarkably, fork reversal takes place frequently after UV irradiation, similar to the case with HU, MMC, and CPT (21) .
We therefore set out to investigate the contribution of Rad51 to DNA replication across UV lesions. Using the DNA stretching technique (27) , we uncovered two DSB-independent roles of Rad51 in the replication of UV-damaged DNA. First, Rad51 protected the nascent DNA from rapid and time-limited Mre11-dependent exonucleolytic degradation. Second, Rad51 prevented excessive DNA elongation after UV irradiation. Such dysregulated elongation of DNA was orchestrated by Mre11, but not by its exonuclease activity, and a DNA polymerase with primase activity, PrimPol (primase polymerase). Our results therefore suggest that Rad51 depletion increases repriming after UV irradiation. Intriguingly, both Rad51-mediated functions affected the accumulation of DNA damage response (DDR) markers at later time points, but only the excessive fork elongation in Rad51-depleted cells was associated with cell death. Finally, we demonstrate that the TLS DNA polymerase polη and Rad51 are both required to achieve optimal elongation of nascent UV-damaged DNA.
Results
S-Phase Progression Is Impaired in UV-Irradiated, Rad51-Depleted Cells. To study the contribution of Rad51 to the cellular response to UV radiation, we transiently depleted Rad51 in the Rb/p53-proficient osteosarcoma cell line U2OS (Fig. 1A) . Although UV irradiation of proliferating cells may not generate any obvious Rad51 substrates (DSBs), Rad51 depletion reduced cell survival (Fig. 1B) and increased the hypodiploid fraction after UV irradiation (Fig. 1C) . Because UV sensitivity is frequently associated with defects in the replication of UV-damaged DNA, we explored how Rad51 depletion affects DNA replication parameters. Twentyfour hours after UV irradiation, we pulse-labeled cells with BrdU for 5 min just before fixation (time line in Fig. 1D , results in Fig. 1 E and F, and representative panels in Fig. 1G ). We determined the fraction of cells committed to DNA replication by assessing the percentage of BrdU-positive cells (Fig. 1E) . We also monitored the DNA replication rate in cells committed to DNA synthesis by determining the average BrdU intensity (Fig.  1F) . In support of a preponderant role of Rad51 in HRR events during unperturbed replication, the percentage of BrdU-positive cells was reduced in Rad51-depleted, sham-irradiated samples compared with Rad51-proficient controls (0 J/m 2 ) (28) (Fig. 1 E and G, upper panels). In contrast, however, when focusing on the BrdU intensity, we observed no significant difference between sham-irradiated, Rad51-depleted and control cells (0 J/m Fig. 1 F and G) . Hence, Rad51 contributes to the S-phase progression of UV-irradiated, but not unperturbed, U2OS cells.
To explore the alterations in DNA synthesis of Rad51-depleted cells further, we pulse-labeled cells with BrdU just before UV irradiation and evaluated their progression through the initial round of replicative DNA synthesis at different time points after UV irradiation (time line in Fig. S1A and results in Fig. S1B ). Intriguingly, Rad51 depletion facilitated rather than impaired S-phase progression immediately after UV irradiation: We observed accelerated G2 entrance at 15 h in Rad51-depleted samples, whereas control samples were still in S phase at 15 and 24 h after UV irradiation. It is therefore possible that cells deficient in Rad51 are able to reach G2/M after UV radiation but are unable to replicate DNA efficiently in the following cycle (Fig. 1F) . Hence, Rad51 participates in the replication of UV-damaged DNA in a manner that may be relevant for cell survival.
Rad51-Depleted Cells Show Multiple Alterations in the Elongation of Nascent DNA After UV Irradiation. UV-induced, replication-associated DSBs are infrequent (29) and require sustained fork stalling (5) . We used pulse-field gel electrophoresis to examine replication fork progression in our cells. These experiments revealed that 1 h after UV irradiation, DSB levels were modest in control cells, in agreement with previous reports, and in Three independent experiments were performed, and 200-300 nuclei were analyzed for each sample. For all figures in this study, the significance of the differences is as follows: *P < 0.1; **P < 0.01; ***P < 0.001. If the P value is not indicated, the difference is not statistically significant. Error bars represent SEM (SEM value).
Rad51-depleted samples (results in Fig. S2A and time line in Fig. S2B ). Accordingly, 53BP1 foci formation did not significantly increase in Rad51-depleted cells transiting or accumulating outside S phase (Fig. S2 C-G) .
To explore mainly DSB-independent DNA replication events, we studied the progression of replication forks early after UV irradiation using the DNA stretching assay, a technology that detects changes in replication speed within minutes after UV exposure (27) . Briefly, cells are incubated with two different halogenated thymidine analogs, chlorodeoxyuridine (CldU) and iododeoxyuridine (IdU) ( Fig. 2A) , during two subsequent periods of DNA synthesis (indicated as superscripts after each label). Because UV radiation is delivered just before IdU incorporation, the generation of all DNA lesions is confined to the exact moment of IdU delivery.
We focused our analysis on bicolored fibers, which represent ∼75-80% of the tracks in CldU 20 IdU 20 fibers, both in control and Rad51-depleted samples, before and after UV irradiation (Fig. S3F ). In agreement with the unnoticeable effect of Rad51 depletion on S-phase progression (Fig. 1F) Fig. S4 C and F) . The contribution of Rad51 to unperturbed replication was more evident in the hamster cell line V79Puro expressing a dominantnegative Rad51 mutant (V79Puro/SM24) [ Fig. S4G and previous reports (30, 31) ]. Surprisingly, after Rad51 knockdown, UV irradiation caused a significant shortening of the CldU track synthesized before UV irradiation (Fig. 2C, Left) . Similar results were obtained when using another siRNA for Rad51, sequence 2 ( Fig. S3 A-E), and three other cell lines: HeLa, GM0637, and V79Puro/SM24 hamster cells (Fig. S4 B, E, and H). Such results were reproduced when incorporating ssDNA counterstaining that allows the exclusion of broken tracks ( Fig. S5 A and B) . In fact, the percentage of broken forks was less than 20-25% in all the cell lines tested, and their elimination did not substantially modify the average track lengths. Although ∼3 μm (7. ), the total track was similar in Rad51-depleted and control siLuctransfected samples (Fig. 2D ). Such massive alteration in the DNA replication choreography was also evidenced when analyzing CldU 20 IdU 40 samples ( Fig. 2 D and E). We calculated the average speed for each 20-min period in U2OS cells by subtracting the values for the previous time point and from those values for the following time point as shown in Fig. 2E . Intriguingly, the DNA elongation rate in U2OS control samples dropped steeply in forks that elongated for 80 min (Fig. 2E ), possibly as a consequence of increased termination events in the 40-min and 60-min samples (Fig. S5C ). To reveal terminations occurring during the 40-to 60-min post-UV period, we performed a CldU incubation at 20 min before UV irradiation, followed by a second CldU incubation at 40 min after UV irradiation, which was followed by an IdU pulse of 20 min (CldU   60   IdU   20 in Fig. S5C ). As predicted above, the number of single-labeled CldU tracks increased in Rad51-depleted samples, and more markedly in control samples, therefore suggesting an increase in terminations during the 40-to 60-min post-UV period. Importantly, when focusing exclusively on bicolored (not terminated) fibers, we still observed a higher IdU elongation rate for Rad51-depleted samples (CldU Fig. S5C ). Such results demonstrated that persistent dysregulated elongation affects all active forks in Rad51-depleted samples. Finally, although we cannot rule out that increased firing of clustered origins also contributes to fork elongation (32), our analysis reveals no increase, but rather a transient decrease, in the frequency of origin firing in Rad51-depleted samples compared with control samples (Fig.  S5D) . Together, these results unveil an unprecedented role of Rad51 in modulating the DNA replication choreography after UV irradiation.
Rad51 and Polη Differentially Contribute to DNA Synthesis After UV Irradiation. To date, DNA elongation after UV irradiation in mammals has been almost exclusively linked to DNA damage tolerance events involving TLS polymerases. Previous reports have demonstrated that DNA elongation after UV irradiation is impaired when the TLS polymerase polη or Rev1 (DNA directed polymerase) is absent (33, 34) . The molecular basis of such events has been fairly well elucidated: UV irradiation provokes helix-distorting lesions, such as cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs). Although 6-4PPs are rapidly repaired, CPDs are more frequently encountered by replication forks. The TLS polη is the preferred choice for TLS across CPDs (35) . Polη depletion impairs DNA elongation after UV doses like the one used in this study (33) . In our experimental settings, polη depletion did not affect DNA elongation in sham-irradiated samples (Fig. 3 A-D) but reduced DNA elongation at 20 min and 60 min post-UV (Fig. 3 E and F) . Ruling out off-target effects, similar results were obtained when we used another polη-specific siRNA (Fig. S6) . Given that the DNA stretching assay selectively shows events at the fork and not those events that take place postreplicatively (34) , the results shown in Fig. 3 E and F suggest that replication forks transiently pause at UV lesions when polη is absent. Interestingly, Rad51 and polη did not equally affect the results obtained with the fiber assay. The protection of the CldU-labeled track was exclusively dependent on Rad51 and was not modulated by polη depletion (Fig. 3 E and F We reasoned that when Rad51 is depleted, a significant fraction of the first 20 min post-UV irradiation is invested in cycles of DNA degradation and resynthesis, causing a reduction in the total track length (CldU + IdU) of the DNA synthesized during that period (Fig. 4A) . If the distribution of DNA lesions is similar in control and Rad51-depleted samples (we have found no evidence against such a presumption), the number of DNA lesions available for polη-dependent TLS will increase proportional to the total track length, which is diminished in Rad51-depleted samples. In accordance, the recruitment of polη and Rev1 to UV-irradiated nuclear regions is transiently delayed in siRad51-treated cells (Fig. 4B ) in a manner that correlates with the total track length shortening in Rad51-depleted samples. Reinforcing the functional link between Rad51 and polη, Rad51 accumulation into CPD-positive nuclear regions at early time points after UV irradiation correlates in timing and extent with the focal recruitment of TLS pols into the same nuclear regions (Fig. S7 A  and B) . Moreover, either simultaneous recruitment of Rad51 and polη to CPD-positive regions or no recruitment of either factor to DNA lesions was observed (Fig. S7 C and D) . Also, Rad51 recruitment to CPDs takes place exclusively in S phase and is independent of NER ( Fig. S7 E-H) . Our data indicate that Rad51 indirectly promotes polη loading onto DNA and accelerates TLS onset, probably by avoiding nascent DNA shortening. The functional link between Rad51 and TLS might extend to other scenarios, such as TLS-mediated gap filling (36, 37) .
Rad51 Limits Excessive Degradation of the DNA Synthesized Before UV Irradiation by Constraining the Exonuclease Activity of Mre11. We then focused on identifying the factors controlling CldU track shortening in Rad51-depleted cells. We reasoned that a time course analysis would unmask a DNA degradation phenotype. In Rad51-depleted samples, the shortening of the CldU track increased progressively during the first 20 min after UV irradiation (Fig. 5 A-C Although the reason for such time-limited CldU degradation is unknown, we postulate that the active DNA elongation observed after UV irradiation may limit the degradation of nascent DNA.
In contrast, such DNA degradation might persist when replication forks are persistently halted by HU or APH treatment (6, 7, 12, 15) . After HU and APH treatment, Rad51 loaders, such as BRCA2, prevent Mre11-dependent nucleolytic degradation of nascent DNA at stalled replication forks (6, 7, (9) (10) (11) (12) (13) (14) 38) . We therefore treated Rad51-depleted and control samples with mirin, a specific inhibitor of the exonuclease activity of Mre11 (39) . Mirin was added 30 min before the CldU pulse and was maintained throughout the whole experiment (Fig. 5D ). Although mirin treatment had no effect on the CldU length in control samples (Fig. 5E) , it prevented the shortening of the CldU track in UV-irradiated, Rad51-depleted samples (Fig. 5F ). The combination of mirin treatment and Mre11 depletion (Fig. 5G) did not further alter the CldU track length of Rad51-depleted cells (Fig. 5 H and I) , suggesting that the exonuclease activity of Mre11 is the function responsible for the shortening of the CldU track in UV-irradiated, Rad51-depleted samples. Similar results were obtained when we used another anti-Mre11 siRNA (Fig. S8 A-C) . Interestingly, origin firing transiently decreased in Rad51-depleted samples in a manner that correlated with active degradation of elongating forks (Fig. S5D) . This result suggests that repetitive cycles of elongation and degradation may transiently compromise the nucleotide pool available for origin firing.
Mre11-mediated degradation of HU-stalled forks in BRCA2-deficient cells is promoted by poly ADP ribose polymerase (PARP) inhibition, suggesting that poly ADP ribose (PAR) polymers prevent nascent DNA resection at HU-triggered stalled forks (8) . We therefore evaluated the effect of PARP inhibition by olaparib on the Mre11-mediated degradation of UV-damaged DNA in Rad51-depleted cells (Fig. 5 J and K and Fig. S9 ). Olaparib treatment did not modulate DNA degradation after UV irradiation ( Fig. 5 J and K) , which is strikingly different from what was reported for HU (8) . We are certain that PARP was inhibited in our experimental settings because olaparib modulated the IdU-labeled track length (Fig. S9 F and H) . Hence, whereas HU and UV irradiation trigger Mre11-dependent degradation of nascent DNA, PARP prevents the nucleolytic processing of the RIs generated by HU (8) but not by UV (this work). The mechanistic basis for such a difference is unclear, but we speculate that persistently stalled forks (HU) are more frequently stabilized by PAR polymers than transiently stalled forks (UV). Other conclusions from this analysis are as follows: (i) Rapid Mre11-mediated nucleolytic degradation of nascent DNA may not be a generalized response at early times after DNA damage, because the length of CldU tracks after 20 min of CPT treatment was not affected by mirin in control or Rad51-depleted samples (Fig. S9 A-C) , and (ii) olaparib lengthened the second (IdU-labeled), but not the first (CldUlabeled), track after CPT and UV treatments (Fig. S9 D and F,  respectively) , suggesting that the IdU, but not the CldU, track length is modulated by fork reversal, in agreement with a recent report (21) . Altogether, these data demonstrate that UV irradiation triggers a time-limited, Mre11-dependent degradation of nascent DNA that is prevented by Rad51 but not by PARP.
Mre11 and Primpol Depletion Rescue the Dysregulated DNA Elongation
Caused by Rad51 Depletion. Given the prominent role of Mre11 in the degradation of CldU-labeled tracks when Rad51 is depleted, we explored the contribution of Mre11 to the dysregulated elongation of the DNA synthesized after UV irradiation in Rad51-depleted cells. Although mirin treatment did not modulate the length of the IdU track in Rad51-depleted cells (Fig. S8 D and E) , Mre11 depletion caused lengthening of the IdU track in Rad51-depleted samples exposed to UV-irradiated, but not in shamirradiated, samples (Fig. 6 A-C) . Similar results were obtained when we used another siRNA specific for Mre11 (sequence 2) (Fig. S8 A-C) . This result reveals a role of Mre11, independent of its exonuclease activity, in the regulation of DNA synthesis after UV irradiation in Rad51-depleted cells. As expected, mirin treatment did not affect IdU track elongation when Mre11 was depleted (Fig. 6D) . Such an observation emphasizes a selective effect of the exonuclease activity of Mre11 on the CldU track. We speculated that this exonuclease-independent Mre11 function relates to the tethering ability of the Mre11/Rad50/Nsb1 (MRN) complex and perhaps its capacity for long-range allostery (40) . We speculate that the tethering ability of the MRN complex may possibly prevent the excessive unwinding of fork ends. This notion is relevant because Helleday and coworkers (22) postulated that excessive unwinding of DNA 3′ ends should be sufficient to promote repriming at UV lesions. We tested whether the depletion of DNA polymerases implicated in repriming, such as polκ (41) and PrimPol (42) (43) (44) , modulates the dysregulated elongation of the second (IdU-labeled) track in UV-exposed, Rad51-depleted cells. Strikingly, although not affecting DNA elongation in sham-irradiated samples (Fig. 6 E and F) , PrimPol down-regulation (Fig.  S8G ) reversed the excessive nascent DNA elongation observed in Rad51-depleted samples (Fig. 6G) . Similar results were obtained when using a second (sequence 2) siRNA specific for PrimPol (Fig.  S8 G-I) . PrimPol down-regulation also prevented the even more pronounced elongation of the IdU track in samples depleted of both Rad51 and polη (Fig. 6H ). Polκ depletion (Fig. S8J ) had a modest, but not significant, effect on similar parameters (Fig. S8 K  and L) . Thus, Rad51 prevents excessive Mre11-and PrimPoldependent elongation of nascent DNA after UV irradiation.
It has been previously reported that Rad51 depletion increases replication-derived DNA lesions after UV irradiation (21) . In agreement, we observed an increase in the percentage of cells that scored positive for 53BP1 after UV irradiation in Rad51-depleted compared with Rad51-proficient cells (Fig. 7 A-C) . Interestingly, Mre11 or PrimPol down-regulation rescued such an increase in 53BP1 focal organization (Fig. 7C and Fig. S10 A  and B) . Hence, the replication stress caused by Rad51 depletion is reduced when the factors involved in the dysregulated elongation of nascent DNA are removed. Strikingly as well, the addition of mirin for just 60 min (which should selectively prevent the degradation of nascent DNA) also reduced 53BP1 accumulation in Rad51-depleted samples. However, when evaluating the effect of mirin (60 min) on cell survival, we observed no protective effect (Fig. 7D and Fig. S10C ). Such a result may be linked to the transient nature of the DNA degradation of Rad51-deficient samples after UV irradiation. In contrast, the elimination of a more persistent phenotype, namely DNA elongation by Mre11 and PrimPol, increased the survival of Rad51-depleted cells. These observations demonstrate that the Rad51-dependent protection of DNA synthesized before UV irradiation and the control of excessive elongation across UV-damaged DNA are events required to achieve an optimal cellular response to UV light.
Discussion
This work reveals that in cancer or transformed cells, DNA replication after UV irradiation does not uniquely depend on TLS polymerases but also requires RAD51. We identified Mre11 and PrimPol as factors that are regulated by Rad51 to protect nascent DNA from degradation and to prevent dysregulated elongation after UV irradiation. The implications of our findings are discussed below.
Distinctive Contributions of Rad51 to the Replication of Damaged
DNA After Different Types of DNA Replication Challenges. UV radiation is a poor and indirect source of DSBs, especially within the first hour post-UV irradiation (Fig. S2 ). This result is in agreement with previous reports (4, 26, 29) , including those reports suggesting that multiple rounds of DNA replication are required to induce DSB accumulation after Rad51 depletion (45) . It is therefore unlikely that infrequent DSBs generated within the first hour after UV irradiation would simultaneously affect all elongating fibers at once. In agreement with previous reports (4), we propose that Rad51 modulates the elongation of nascent DNA mostly as a consequence of its direct association with ongoing forks. Although Rad51 is not required for the assembly of the replisome (4), it is involved in many DNA replication transactions taking place at or behind the fork, including the inhibition of nascent DNA degradation, the facilitation of fork restart, the maintenance of replication continuity, and the promotion of fork reversal. However, all of the above-mentioned mechanisms may not participate in response to all types of DNA lesions. For example, fork restart is frequent after HU, CPT, and MMC treatments (15) but is not anticipated after UV irradiation, which causes a reduction of replication speed without fork stalling (refs. 22, 46 and this work). On the other hand, fork reversal is common after many genotoxic stimuli, including UV irradiation (ref . 21 and this work) . Furthermore, in cells with defective Rad51 activation, DNA degradation was observed after HU or APH treatment (6-12, 14, 15) and UV irradiation (this work) but not after CPT treatment (this work). PARP inhibition enhances HU-triggered (8), but not UV-triggered, nascent DNA degradation (Fig. S9) . A different role of Rad51 related to the promotion of continuous DNA synthesis was revealed after treatment with MMS, an agent that induces bulky adducts resembling the DNA lesions generated by UV irradiation. Finally, we show that Rad51 also prevents dysregulated DNA elongation of nascent DNA after UV irradiation. Hence, the nature of the DNA lesion is central to determining how and to what extent Rad51 contributes to the protection of RIs.
Rad51 Prevents Degradation of the DNA Synthesized Before UV Irradiation. The Rad51-mediated protection from nucleolytic degradation observed in this study strongly resembles the requirement for recA, the bacterial homolog of Rad51, to prevent "rec-less" degradation of DNA after UV irradiation (47, 48) . Our work demonstrates that UV irradiation triggers mirin-sensitive degradation of newly synthesized DNA when the Rad51 loading onto DNA is impaired, as has been described for HU (8) . On the other hand, PARP inhibition increases Mre11-dependent nucleolytic degradation by HU (8), but not after UV irradiation (this work). Moreover, DNA degradation after Rad51 depletion may not be a generalized acute phenomenon in response to DNA replication stress because it is not observed at early times after CPT treatment (Fig. S9 ) but may be unraveled after hours of continuous CPT treatment (7) . It is possible that, in contrast to UV and HU treatment, CPT does not cause fork asymmetry, which has been suggested to be the trigger for nucleolytic degradation in HU-treated, HRR-deficient cells (6, 7) . The degradation of DNA after UV irradiation is fast, time-limited, and restricted to the first (CldU-labeled) track. Moreover, in agreement with the facts discussed above and below, UV-triggered degradation of nascent DNA does not completely overlap with previously described DNA degradation processes at replication forks.
When Rad51 loaders are depleted, HU triggers the degradation of nascent DNA at a rate of ∼1.8 kb·h −1 (6) . In contrast, the degradation of DNA in UV-irradiated, Rad51-depleted cells is faster (∼5 kb in less than 30 min). The UV-triggered degradation of nascent DNA depends on the exonuclease activity of Mre11, because mirin treatment suffices to inhibit such DNA shortening completely. This degradation speed is inconsistent with the slow exonucleolytic processivity of Mre11, but is nevertheless specific for Mre11 because it is also observed after Mre11 depletion. We speculate that Mre11 acts in concert with other nuclease(s) to achieve long-range DNA end resection, as demonstrated recently for DSB repair (38) . We also postulate that the continued DNA elongation that characterizes the response to UV irradiation (but not to HU) might influence the rate and the extent of DNA degradation. The second intriguing aspect of UV-triggered DNA degradation in Rad51-depleted samples is that it is limited to the first 20 min after UV irradiation. Using electron microscopy (EM) technology and MMS treatment, Costanzo and coworkers (4) showed that RIs derived from undamaged Rad51-depleted samples frequently contain at least one internal ssDNA gap (size of 300 nt or smaller) behind the replication fork, a rare event in control samples. The number of such unsealed ssDNA gaps increases after MMS treatment and is reduced by mirin treatment (4). In our settings, and as suggested in yeast models (46) , UV lesions might prompt the accumulation of ssDNA gaps behind the fork, which could become initiation sites for nascent DNA degradation. In agreement, Mre11 has recently been proposed to process ssDNA gaps on nonreversed fork structures (15) . Another important implication of our findings is that the degradation of CldU-labeled DNA that we observed must somehow be coupled to ongoing DNA replication, because we exclusively analyzed bicolored fibers that reveal continuous CldU/IdU signal. The link between fork progression and gap sealing is supported by the finding that unsealed gaps in yeast were detected only in close proximity to the replication fork, both in HRproficient and HR-deficient backgrounds (46) . Hence, we propose that the degradation we describe is time-limited because of the relatively fast progression of replication forks after UV irradiation, which is distinct from the halted progression of replication forks after HU treatment. Another event that could account for time-limited degradation is the processing by NER of UV lesions localized on already duplicated DNA behind the fork (gray lesion in Fig. 7E ). Remarkably, despite the time limitation of UV-triggered degradation of DNA in Rad51-depleted samples, our results indicate that it affects the DDR, although no effect on cell survival was observed at later time points. This observation is similar to results obtained after HU treatment (6, 7) . Whether the excessive DNA degradation in Rad51 knockdown samples affects other biologically relevant outputs, such as genomic stability, will be the subject of further investigation.
Perhaps the more puzzling aspect of the degradation of nascent DNA is its restriction to the CldU-labeled track. As mentioned before, CldU track degradation must somehow be coupled at all times to fork elongation; otherwise, it would result in the formation of gaps between the two signals in a time course analysis. Hence, the IdU track synthesized within the first 20 min after UV irradiation is most certainly synthesized on the same DNA templates that were previously used to generate the degraded CldU-labeled DNA (schematic representations are shown in Fig.  4A and Fig. S8F ). It is therefore unclear why the IdU-labeled DNA is unaffected by nucleolytic degradation. Interestingly, however, whereas the degradation of the CldU track must be coupled to the synthesis of IdU-labeled DNA, the degradation of CldU-labeled DNA is refractory to signals that modulate the elongation of the IdU-labeled DNA, as evidenced by the fact that the shortening of the CldU-labeled DNA is similar in the absence of Rad51 or Rad51/polη. Such an observation indicates that the trigger for degradation might be predominantly associated with the intrinsic properties of the DNA already synthesized in unperturbed conditions, rather than with signals activated by damaged DNA replication. Alternatively, one could envision a scenario in which UV-triggered posttranslational modifications of the replisome or its escort complexes might attenuate the exonuclease activity of Mre11 or redirect the nuclease to other functions (e.g., those functions involved in the modulation of IdU elongation).
Rad51 Prevents Dysregulated Fork Elongation After UV Irradiation.
Upon MMS exposure, Rad51 not only prevents gap formation behind the fork but also constrains the accumulation of longer ssDNA stretches at the tip of replication forks (4) . Such ssDNA stretches result from excessive unwinding at the replication fork, which is prevented by Rad51, given its ability to favor the interaction of homologous sequences in opposite DNA strands (49) . Remarkably, in opposition to the small gaps formed behind the fork, the long ssDNA stretches are modulated by neither MMS nor mirin treatment (4) . Such a puzzling observation parallels the insignificant effect that Mre11 inhibition has on the elongation of IdU tracks after UV irradiation (Fig. S8 D and E) . Interestingly however, the dysregulated elongation of the IdU-labeled DNA depends on MRE11, but not on its exonuclease activity (Fig. 6 C  and D) . We speculate that the excessive DNA elongation is inhibited by the Mre11 endonuclease activity or by the MRN complex, which is capable of promoting tethering of DNA ends with long-range allostery (40) . In fact, Mre11 has been proposed to tether two DNA strands together, independent of DSB formation (29) . Moreover, in Saccharomyces cerevisiae, the MRX (Mre11/Rad50/Xrs2) complex protects replication fork integrity by preventing ssDNA accumulation at replication barriers (50) . Hence, Rad51 and Mre11 depletion might favor ssDNA accumulation at the end of replication forks and subsequent repriming. Although many proteins might be needed for repriming at persistently stalled forks after HU treatment (5, (9) (10) (11) (12) (15) (16) (17) (18) (19) (20) , it has been predicted that at forks elongating across UV lesions, repriming might be better achieved by Okazaki-like replicating complexes at ssDNA stretches (22) . In agreement with such a prediction, the dysregulated elongation of the IdU track in Rad51-depleted cells depends on PrimPol, which is a DNA polymerase with primase activity (51) . The persistently dysregulated DNA elongation observed in Rad51-depleted cells treated with UV irradiation might promote the more rapid completion of DNA replication reported in Fig. S1 and, in the long term, the failure in DNA replication reported in Fig. 1F . In line with such speculation, the inhibition of dysregulated DNA elongation in UVirradiated, Rad51-depleted samples prevents the accumulation of markers of replication stress and cell death at later time points (Fig. 7 C and D) .
Rad51 and Polη Differentially Modulate Replication Fork Elongation
After UV Irradiation. Our study unveils a complex interplay between polη and Rad51 in the elongation of UV-damaged DNA. The frequency of internal ssDNA gaps increases when TLS polymerases are depleted (22, 46, 52) , suggesting that polη depletion, similar to Rad51 depletion, may promote repriming (22) . Indeed, polη depletion exacerbated the dysregulated DNA elongation observed in Rad51-depleted cells. However, inefficient elongation of nascent DNA in UV-irradiated, polη-depleted cells suggests that, despite ssDNA gap formation (22) , repriming might not be triggered when Rad51 escorts the replication fork. It is conceivable that by preventing excessive unwinding at the end of replication forks, Rad51 precludes repriming, even if polη depletion provides suitable "initiators" for such a mechanism. The interplay between polη and Rad51 is even more complex. Our results indicate that Rad51 facilitates polη (and Rev1) recruitment to damaged templates (Fig. 4) . Hence, activation of the abovementioned TLS events may require the protection of elongating forks by Rad51, which is consistent with results obtained in plasmidbased experiments showing that Rad51 is required for gap filling by TLS events (36) . Moreover, the clonogenic ability of U2OS cells after UV irradiation is reduced when Rad51 and polη are simultaneously depleted (26) . Altogether, these results suggest that the correct elongation of ongoing forks after UV irradiation requires concerted (not isolated) contributions of polη and Rad51.
Materials and Methods
Cell Culture and Reagents. U2OS and HeLa cancer cells, with intact and disrupted p53 pathways, respectively (American Type Culture Collection); GM0637 and XPA-deficient (GM04312) fibroblasts transformed with SV40 LT antigen (Coriell Repository); and V79 and SM24 cells [gifts from B. Lopez, Institut Gustave Roussy, Villejuif, France (30, 31) ] were grown in DMEM (Invitrogen) with 10% (vol/vol) FCS. Transfections were performed using Jet Prime (Polyplus). The siRNAs used in this study are described in SI Materials and Methods. GFP-proliferating cell nuclear antigen, GFP-Polη, and GFP-Rev1 were gifts from M. C. Cardoso, Max Delbrück Center for Molecular Medicine, Berlin (53), A. Lehmann, University of Sussex, Brighton, United Kingdom (54) , and E. Friedberg, University of Texas Southwestern Medical Center, Dallas (55), respectively. UV-C irradiation was performed as described by Mansilla et al. (56) and is detailed in SI Materials and Methods. Other reagents used in this study were mirin (catalog no. 3190/10; R&D Systems) used at a final concentration of 100 μM, olaparib (catalog no. S1060; Selleck USA) used at 10 μM, and CPT (Sigma) used at 50 nM. Quantitative real-time PCR assays are described in SI Materials and Methods.
Immunostaining and Microscopy. The quantification of specialized Y polymerases and 53BP1 foci was performed as previously described (56) and is detailed in SI Materials and Methods. Primary antibodies were α-BrdU (catalog no. RPN202; Amersham), α-53BP1 (H-300, sc-22760; Santa Cruz Biotechnology), α-CPDs (D194-1; MBL International Corporation), and α-Rad51 (PC130/rabbit; Calbiochem). Secondary anti-mouse and anti-rabbit antibodies were from Jackson ImmunoResearch (code no. 711-165-152) and from Invitrogen (catalog no. A21206). Images were obtained with a Zeiss Axioplan confocal microscope. Nuclei were considered 53BP1-positive if the number of foci per nuclei was 10 or more.
Cell Cycle Analysis. Cells were incubated with 10 μM BrdU for 20 min before UV irradiation and washed extensively. At the indicated time points, samples were fixed and subjected to flow cytometry analysis as described in SI Materials and Methods.
Preparation and Immunolabeling of DNA Fibers. DNA fibers were analyzed as previously described by us (57) , and the procedure is detailed in SI Materials and Methods. Antibodies used were mouse anti-BrdU (catalog no. 347580; Becton Dickinson) to detect IdU, donkey anti-mouse Cy3-conjugated secondary antibody (code no. 715-165-150; Jackson ImmunoResearch) and rat anti-BrdU (catalog no. OBT0030; Accurate Chemicals) to detect CldU, and donkey anti-rat Alexa Fluor 488 secondary antibody (Invitrogen). The DNA counterstaining procedure is also detailed in SI Materials and Methods. DNA fibers were visualized using a Zeiss Axioplan confocal microscope. Images were analyzed using Zeiss LSM Image Browser software. A total of 100-150 fibers were measured per sample. For the most relevant experiments, the number of fibers analyzed was increased to 150. The mean values (and significances) obtained when counting 150 fibers or 100 fibers were not different. For this analysis, only bicolor fibers were considered (contiguous green and red signals).
Protein Analysis. For Western blot analysis, samples were lysed in Laemmli buffer. Antibodies used were anti-polη (H-300; Santa Cruz Biotechnology), anti-Rad51 (H-92; Santa Cruz Biotechnology), anti-actin (catalog no. A2066; Sigma), anti-KU70 (A9; Santa Cruz Biotechnology), and anti-GFP (Santa Cruz Biotechnology). Secondary antibodies (Sigma) and ECL detection (Amersham GE Healthcare) were used according to the manufacturers' instructions.
Cell Survival. For the survival assay in Fig. 1 , U2OS cells were replated after transfection at low density (3,000 cells in a 12-well plate) 24 h before UV irradiation. Three replicate samples were collected 96 h later, and the cell number was determined in Neubauer chambers. Average values were calculated as the mean between five independent experiments. For the survival assay in Fig. 7 and Fig. S10 , 300 cells were seeded in a 96-well plate the day before UV irradiation. Values were calculated from three replicate samples. The number of viable cells was determined using a Cell Titer 96 AQueous One Solution Cell Proliferation Assay (Promega) 48 h after irradiation. Average values were calculated as the mean between four experiments.
Statistical Analysis. Frequency distributions of DNA track length and ratios were determined with GraphPad Prism 5 software. In non-Gaussian distributions, Mann-Whitney and Kruskal-Wallis tests were used for statistical analyses when comparing two and more than three variables, respectively. Statistical analysis of Y pols and 53BP1 focal organization was performed with GraphPad inStat software using the Student's t test and the one-way ANOVA test when applicable.
